Abstract. Butyrate is a potent anticarcinogenic compound against colon cancer cells in vitro. However, its rapid metabolism is hypothesized to limit its anticancer benefits in colonic epithelial cells. Carnitine, a potent antioxidant, is essential to fatty acid oxidation. The aims of this study were to identify a colon cancer cell line capable of transporting carnitine. We evaluated the effect of carnitine and acetylcarnitine (ALCAR) on the response of colon carcinoma cells to butyrate. We explored the mechanisms underlying the anticarcinogenic benefit. SW480 cells were incubated with butyrate ± carnitine or ALCAR. Carnitine uptake was assessed using [ 3 H]-carnitine. Apoptosis and cell viability were assessed using an ELISA kit and flow cytometry, respectively. Modulation of proteins implicated in carnitine transport, cell death and proliferation were assessed by western blotting. SW480 cells were found to transport carnitine primarily via the OCTN2 transporter. Butyrate induced SW480 cell death occurred at concentrations of 2 mM and higher. Cells treated with the combination of butyrate (3 mM) with ALCAR exhibited increased mortality. The addition of carnitine or ALCAR also increased butyrateinduced apoptosis. Butyrate increased levels of cyclin D1, p21 and PARP p86, but decreased Bcl-X L and survivin levels. Butyrate also downregulated dephospho-β-catenin and increased acetylated histone H4 levels. Butyrate and carnitine decreased survivin levels by ≥25%. ALCAR independently induced a 20% decrease in p21. These results demonstrate that butyrate and ALCAR are potentially beneficial anticarcinogenic nutrients that inhibit colon cancer cell survival in vitro. The combination of both agents may have superior anticarcinogenic properties than butyrate alone.
Introduction
Butyrate is a short-chain fatty acid that plays a key role in maintaining intestinal homeostasis. It is principally derived from ingested dietary fiber and dairy products and is formed in the colon as a result of fermentation by anaerobic bacteria (1, 2) . Butyrate is the principal oxidative fuel for colonic epithelial cells, unlike other cells that use glucose and has long been regarded as a potential neutriceutical anticarcinogen (3) . Butyrate has been shown to reduce the growth and motility of colon cancer cell lines, as well as inhibit proliferation and induce apoptosis in vitro (4, 5) . Inhibition of histone deacetylases (HDAC) plays an important role in the anticarcinogenic properties of butyrate (6) . When present in sufficient amounts butyrate and HDAC inhibitors reactivate the transcription of silenced genes and increase differentiation and apoptosis in cancer cells (6) .
L-carnitine (β-hydroxy-γ-trimethylaminobutyrate) is a non-essential amino acid synthesized from methionine and lysine in the liver, kidney and brain. Principally derived from the diet, L-carnitine is absorbed in the intestine and transferred to other tissues by recognized transporters. Carnitine plays an important role in lipid metabolism, in the β-oxidation of fatty acids, and consequently in the production of cellular energy (7) . Carnitine facilitates the transport of long-chain fatty acids across the mitochondrial inner membrane as acylcarnitine esters (8) . Free carnitine is available in equilibrium with acetyl L-carnitine (ALCAR) due to the ubiquitous presence of carnitine acetyltransferase, which also produces other short chain acylcarnitines, including butyrylcarnitine (9) .
Previous study in our lab reported that carnitine inhibited the development of precancerous lesions and macroscopic colonic tumors in AOM-treated C57BL/6J mice (10) . We also found a positive effect of carnitine on butyrate-induced Caco-2 colon carcinoma cell death (11) . However, further analysis of the beneficial effects of carnitine was limited by its poor uptake in vitro. Carnitine transport was very limited in undifferentiated Caco-2 cells, a well established model of colon cancer, compared to differentiated Caco-2 cells, a model of small intestinal absorptive epithelial cells. We previously reported that undifferentiated Caco-2 cells express negligible levels of the carnitine transporter OCTN2 (12 using a cell line with more efficient carnitine transport would likely increase the beneficial effects of carnitine and ALCAR alone or in combination with butyrate. SW480 is a human colon adenocarcinoma cell line that has been used as an in vitro model for colorectal cancer to study tumor markers and biochemistry of tumorigenicity (13, 14) . In this study, we first identified SW480 as a colon cancer cell line with relatively high carnitine uptake. We then determined the effect of carnitine and ALCAR on cancer cell death and apoptosis, and evaluated possible synergism with butyrate. We also investigated the mechanisms underlying the beneficial effects by examining proteins implicated in pathways important for cell proliferation and survival.
Materials and methods
Cell culture. SW480 and Caco-2 human colon cancer cell lines were obtained from the American Type Culture Collection (Manassas, vA, uSA). SW480 cells were grown in RPMI medium (gibco-BRL, grand Island, ny, uSA) containing 10% FBS. Caco-2 cells, at passage 17, were grown in MEM supplemented with decomplemented 10% FBS, penicillin/ streptomycin 1%, and DMEM non-essential amino acid solution (all from Gibco-BRL). Both cell lines were grown in 75-cm 2 plastic flasks (Corning glass Works, Corning, ny, uSA) and maintained at 37˚C in a 95% air -5% CO 2 atmosphere. After confluence (70-90%), cells were split by using 0.05% trypsin (0.5 nM) in EDTA (gibco-BRL).
Carnitine uptake in colon cancer cells. Carnitine uptake studies were carried out according to the method of McCloud et al (15) , with minor modifications as reported in our previous study (12) . SW480 cells (between passages 108-110) were plated (5x10 6 / well) onto 12-well plates (Corning glass Works) in RPMI medium containing 5% FBS. Cells were incubated in 1 ml of pre-warmed Krebs-Ringer phosphate buffer (in mM: 123 naCl, 4.93 KCl, 1.23 MgSO 4 , 0.85 CaCl 2 , 5 glucose, 5 glutamine, and 20 NaH 2 PO 4 ), at ph 7.4. Methyl-L-[ 3 H]-carnitine (Amersham Pharmacia Biotech, Buckinghamshire, UK) was added at a concentration of 50, 100 or 5 mM. After different incubation periods, the medium was aspirated and cells were immediately washed with ice-cold phosphate buffer and digested at 70˚C with 0.5 ml of 1 N NaOH. The reaction was neutralized after 1 h by adding 0.5 ml of 1 N HCl. The cells were then collected, scintillation liquid was added, and radioactivity counted. In other series of experiments, higher concentrations of methyl-L- [ 3 H]-carnitine, as well as Na + , and Cl -dependence of the transport were tested. Furthermore, the effect of the amino acid transporter (ATB 0+ ) substrates on carnitine uptake, such as glycine, lysine and tryptophan (500 µM and 1 mM), was examined. All the experiments were conducted at 37˚C.
Effect of inhibitors on carnitine transport by SW480 cells. For this set of experiments, confluent SW480 were pre-incubated for 30 min with 500 µM D-carnitine, pyrilamine, tetraethylammonium bromide (TEA), or valproate. These drugs were all purchased from Sigma (St. Louis, MO, uSA).
Western blot analysis of OCTN2. Rabbit polyclonal antibodies were raised against a synthetic polypeptide from Research genetics (huntsville, AL, uSA), 5-QWQIQSQTRMQKDgEE SPT-3, corresponding to amino acids 532-550 of mouse OCTn2 (16) . SW480 cells, undifferentiated (subconfluent) and mature (10-15 days post-confluence) were tested. The cells were washed, lysed and sonicated for 20 sec in ice-cold lysis buffer (50 mM Tris, 150 mM naCl, 10 mM ethylenediaminetetraacetic acid, 1% Triton X-100) containing a mixture of protease inhibitors (Roche Diagnostics, Indianapolis, In, uSA). After determination of protein concentrations using the Micro BCA Protein Assay Reagent kit (Pierce, Rockford, IL, uSA), samples were added to sample buffer [4% SDS, 20% glycerol, 200 mM DTT, 120 mM Tris (ph 6.8), and 0.002% bromophenol blue] and denatured in a boiling water bath for 5 min. Samples were then separated by electrophoresis on a 7.5% SDS-PAgE. The proteins were transferred to a polyvinylidene difluoride (PvDF) Immobilon membrane (Millipore, Bedford, MA, uSA). The PvDF membrane was then incubated in PBS buffer containing 5% skim milk. Subsequently, the membranes were incubated overnight with OCTN2 polyclonal anti-peptide antibody (12, 17) , then incubated with a secondary, goat anti-rabbit Igg, horseradish peroxidase-linked whole antibody (Sigma). The membranes were washed and the ELISA substrate added (Boehringer Mannheim, Laval, QC, Canada). Molecular weights were estimated by using pre-stained SDS-PAgE broad-range standards (Bio-Rad, hercules, CA, uSA).
Cell death and apoptosis detection assays. SW480 cells were cultured as described above, and once sub-confluence was reached, stimulated with various concentrations of na-butyrate (2 and 3 mM), alone or combined with carnitine (5 mM) or ALCAR (5 mM) for 48 h. The cells were then stained with propidium iodide (PI) and cell death was verified by flow cytometry (FACScan, Becton-Dickinson, Mississauga, On, Canada). In parallel, the ApoStrand Enzyme-linked Immunosorbent Assay Apoptosis Detection kit (Biomol Research Laboratories Inc., Plymouth, PA, uSA) was employed to quantify the number of apoptotic cells with single-strand DNA breaks.
Western blot analysis of proteins implicated in cell cycle control and apoptosis. Western blotting was employed to monitor changes in the levels of acetyl histone H4, p21, dephosphorylated β-catenin, survivin, cyclin D1, PARP p89 and Bcl-X L . SW480 cells were treated with butyrate (2 and 3 mM) and carnitine (5 mM) or ALCAR (5 mM) for 48 h. Lysates were prepared using an ice-cold lysis buffer containing a mixture of protease inhibitors (as described above). After determination of protein concentrations using the Micro BCA Protein Assay Reagent kit, equivalent samples (40 µg) were resolved using 10 and 15% sodium dodecylsulfate polyacrylamide gel electrophoresis and then transferred to PvDF membrane Immobilon. Membranes were blocked in 5% non-fat milk for 1 h and then incubated with acetyl histone H4 (Upstate Biotechnology Corp., Waltham, MA, uSA), dephosphorylated β-catenin (Alexis, San Diego, CA, uSA), phosphorylated p65 (Pharmingen, San Diego, CA, uSA), p21 (Santa Cruz, CA, uSA), survivin (Santa Cruz), cyclin D1 (Santa Cruz), PARP p89 (Santa Cruz), Bcl-X L (Santa Cruz), nF-κB (Santa Cruz), and β-actin (Santa Cruz) primary antibodies at 4˚C overnight. After washing with Tris-buffered saline/Tween-20, membranes were incubated with the corresponding peroxidase-conjugated secondary antibody, anti-goat or anti-rabbit immunoglobulin G, for 1 h, and then developed according to the enhanced chemiluminescence system (Supersignal West Dura, Pierce). The levels of these proteins were quantified with the luminescent image analyzer LAS 4000 (Fuji Film, Tokyo, Japan) and normalized to β-actin.
Statistical analysis. The data are presented as mean ± SE. Statistical analysis was performed by graphPad Prism and in the presence of 500 µM and 1 mM of tryptophane, glycine and lysine, as ATB 0+ inhibitors (E). Cells were grown in 75-cm 2 plastic flasks in RPMI (for SW480) or DMEM (for Caco-2) medium supplemented with 10% FBS and they were maintained at 37˚C in a 95% air -5% CO 2 atmosphere. After confluence (70-90%), the SW480 and Caco-2 cells were plated (5x10 5 /well) onto 12-well plates in medium supplemented with 5% FCS. Cells were incubated at 37˚C with Krebs-Ringer phosphate buffer at ph 7.4 in the presence of 50, 100 and 5 mM L-[ Software (San Diego, CA, uSA). One-way AnOvA (Dunnett's multiple comparison test) was used for group analysis. For continuous variables, the Mann-Whitney non-parametric test was employed. A p-value of <0.05 was considered statistically significant.
Results
Carnitine uptake in colon cancer cells. In order to determine whether carnitine enhances the anticancer effect of butyrate in SW480, we first evaluated the capacity of this cell line to transport carnitine; we then determined the transport characteristics of carnitine into SW480 cells.
Carnitine uptake by confluent SW480 cells was compared to that by differentiated and non-differentiated Caco-2 cells. We used a low carnitine concentration as classically employed to carry out transport studies (12) (13) (14) (15) (16) (17) ; higher concentrations were tested as well. After 30-min incubation of 100 nM of L-[ 3 h]-carnitine, the transport by SW480 cells was 8 and 12 times higher (p<0.01) than that by differentiated and non-differentiated Caco-2 cells (Fig. 1A) . Similarly, after 30-min incubation of 5 mM L-[
3 H]-carnitine, the transport by SW480 cells was significantly higher (p<0.05) than that by differentiated and non-differentiated Caco-2 cells (Fig. 1B) .
The SW480 uptake of L-[ 3 H]-carnitine as a function of time was appreciable and linear with time (r=0.97), reaching an equilibrium at ~180 min with 3.91 pmol/mg protein (Fig. 1C) (Fig. 1D) . These results suggest that carnitine transport is Na + -coupled in SW480. The ability of SW480 cells to transfer high concentrations of carnitine (5 mM) (Fig. 1B) , we investigated the effect of known amino acid substrates of ATB 0,+ on carnitine transport. Neither low (500 µM) nor high concentrations (1 mM) of tryptophan, glycine or lysine significantly inhibited carnitine transport in SW480 cells (Fig. 1E) . Taken together, these results suggest that there is a lack of involvement of ATB 0,+ in this transport system.
We then performed kinetic studies to determine the K m value for carnitine. At 50 nM L-[ 3 H]-carnitine, uptake appears to be mediated by a membrane transporter with a high affinity for carnitine (K m ~4.3 µM). This value, in the same range as the reported K m of OCTn2 (18), further supports the involvement of this transporter in carnitine uptake of by SW480 cells. An Eadie-Hofstee plot was then examined and the curve was compatible with a model involving 2 transporters (results not shown). At higher concentrations of carnitine, the K m value was ~0.7 mM, suggesting that carnitine was also transported by a low affinity transporter.
Effect of inhibitors on carnitine transport by SW480 cells.
The ability of specific drugs, known to interact with OCTn2, to inhibit carnitine transport was then investigated (Fig. 2A) . D-carnitine, pyrilamine, TEA, and valproate all inhibited carnitine transport by SW480 cells (inhibition 40-80%).
Western blot analysis of OCTN2. The next step was to confirm the role of OCTN2 in carnitine uptake by western blot analysis. Cell lysates were probed using polyclonal antibodies. Western blot analysis revealed a protein with an apparent molecular weight of 67 kDa labeled by the mouse OCTN2-specific antibody in SW480 cells and in differentiated Caco-2 cells. , and immunolocalization of OCTn2 by western blotting (B) using specific antibodies. After 70-90% of confluence, cells were maintained at 37˚C in a 95% air -5% CO 2 atmosphere. Cell homogenates were prepared for protein electrophoresis, as described in Materials and methods. After protein migration, blotting and addition of antibodies, the antigen-antibody complexes were revealed by using an enhanced chemiluminescence detection method. Each value represents the mean ± SE of three separate experimentations. ** p<0.01.
No bands were detected in non-differentiated Caco-2 cells (Fig. 2B) .
Cell death and apoptosis. The effects of butyrate (2 or 3 mM) alone or combined with carnitine (5 mM) or ALCAR (5 mM) on SW480 cell death were examined after 48 h of incubation. SW480 colon cancer cell death was significantly increased by 2 and 3 mM butyrate alone (p<0.01, p<0.05), as well as by ALCAR alone (p<0.05). The carnitine ester ALCAR potentiated the effects of butyrate, as cell mortality increased (p<0.05). however, addition of carnitine did not have a significant effect on SW480 cell death (Fig. 3A) . The results in Fig. 3A show that butyrate alone (2-3 mM) increased apoptosis fourfold after 48 h, while carnitine and ALCAR alone (5 mM) had no effect. The combination of butyrate and carnitine or ALCAR slightly induced apoptotic effect after 48 h, but the difference was not statistically different when compared to butyrate alone (Fig. 3B) .
Western blot analysis of proteins implicated in cell cycle control and apoptosis.
To verify the mechanisms of the action of ALCAR on SW480 cells, changes in proteins implicated in cell cycle progression, apoptosis, as well as acetylation of histone proteins were measured. Butyrate alone induced significant changes in all the proteins studied, while carnitine and ALCAR had no significant effect.
Most colorectal cancers have mutations of the APC gene, allowing nuclear translocation of dephosphorylated β-catenin and upregulation of target genes, such as survivin and cyclin D1.
Butyrate alone downregulated dephospho-β-catenin and increased acetylated histone H4 levels (2.6-fold, p<0.01). When it was combined with carnitine or ALCAR, the levels of these proteins were not affected (Figs. 4A and 5A). ALCAR alone induced a 20% decrease in p21 (p<0.05; Fig. 4B ). At butyrate concentrations of 2 mM, carnitine consistently decreased survivin levels (Fig. 5C) . No change was observed in cyclin D1 levels (Fig. 5B) . During apoptosis, caspases cleave poly(ADP-ribose) polymerase (PARP). Butyrate increased the level of cleaved PARP (5.9-fold), whereas it was not observed in response to carnitine or ALCAR (Fig. 6A) .
Discussion
Free carnitine, ALCAR and others carnitine acyl esters offer protection from oxidative damage (19) (20) (21) by acetylating membrane proteins (22) , removing long-chain acyl CoAs from cell membranes (23) and by scavenging free radicals (24) . Recent studies investigated by Huang et al, have shown that carnitine inhibits cancer cell growth in vivo and in vitro by increasing histone acetylation, inducing accumulation of acetylated histones and by directly inhibiting hDAC I/II activities (25) . ALCAR, sharing many of the same beneficial properties as carnitine, is considered to be more advantageous as a nutriceutical to enhance the effects of chemotherapy (26) . ALCAR provides a source of acetyl groups that could be used for the acetylation of proteins involved in cellular response. Studies have shown that acetyl-L-carnitine has free radical scavenging activity protecting against hydroxyl free radicals, inhibits oxidant-induced DNA single-strand breaks and acts as a histone hyperacetylating agent (27) (28) (29) (30) (31) (32) . A study by Pisano et al (33) reported significant anti-metastatic activity of ALCAR in wild-type p53 tumors and a significant synergistic effect with a histone deacetylase inhibitor.
We previously reported that carnitine has a beneficial impact on butyrate induced colon cancer cell death in Caco-2 cells (5,11). The mechanisms by which carnitine modulates butyrateinduced cancer cell death have not been elucidated. One hypothesis is that carnitine may affect butyrate availability and metabolism in colon cancer cells. In the course of our experiments, we noted that carnitine transport was limited in Caco-2 cells, a cell line that express negligible levels of OCTN2, a key carnitine transporter (12) . One of the first aims of the present study was to identify a human colon cancer cell line with more efficient carnitine transport, in order to determine if the beneficial effects of carnitine and ALCAR would be increased.
We identified SW480 cells as a colon cancer cell line with high carnitine uptake (Fig. 1A-C ) and express OCTN2 (Fig. 2B) . Carnitine transport was significantly reduced (p<0.05) when the luminal Na + concentration was reduced or depleted by substituting KCl for NaCl (Fig. 1D) . Uptake was also inhibited significantly (p<0.05) in Cl --depleted buffer (Fig. 1D) . These results are consistent with Na + -dependent carrier-mediated system for L-carnitine in SW480 cells.
At low carnitine concentrations typically used to study transport, [ 3 h]-carnitine uptake by SW480 cells was 8 and 12 times higher than that in differentiated and non-differentiated Caco-2 cells, respectively (Fig. 1A-C) . These differences were attenuated at higher concentrations. At a carnitine concentration of 5 mM, uptake by SW480 cells was 6 times higher than that by non-differentiated Caco-2 cells (Fig. 1A  and B) . At 50 nM concentration, carnitine transport appeared to be mediated by a high affinity membrane transporter with a K m ~4.3 µM. This in the same range as that reported for OCTn2 (18) . Furthermore, carnitine transport by SW480 cells was found to be Na + -dependent (Fig. 1D) . We also examined the effect of D-carnitine and certain cationic drugs known to inhibit L-carnitine transport by OCTN2 (12, 34, 35) . Pyrilamine, TEA and valproate, competitively inhibit carnitine transport (Fig. 2A) .
Western blot experiments using an OCTN2-specific antibody confirmed the presence of OCTn2 in SW480 cells Figure 5 . Effect of butyrate, carnitine and ALCAR on dephosphorylated β-catenin (A) and its target genes, survivin (B) and cyclin (C). After 48-h incubation in the absence or presence of butyrate (2 mM), carnitine or ALCAR (5 mM), SW480 cell lysates were analyzed by western blotting for dephosphorylated β-catenin, survivin and cyclin proteins, then developed according to the enhanced chemiluminescence system. Each column is the mean ± SE of three experiments. * p<0.05 vs control.
( Fig. 2B) . The molecular size of the detected band is close to the estimated size (63 kDa) of OCTN2 (12, 17, 36) . As we reported previously (11), differentiated Caco-2 cells (a model of small intestinal absorptive cells) express OCTN2 (Fig. 2B) , whereas non-differentiated Caco-2 cells do not, in keeping with the absence of transport of L-carnitine in malignant Caco-2 cells. Recent studies (30, 37, 38) have shown that OCTn2 is also involved in the transport of ALCAR. This suggests that ALCAR uptake by SW480 will potentially enhance the synergistic effect of butyrate on these cancer cells. An Eadie-Hofstee plot was compatible with a model involving 2 transporters in SW480 cells. At higher doses, carnitine was transported by a low affinity (~0.7 mM) transporter. uptake at 5 mM carnitine was also na + -dependent; as well as Cl-dependent, implicating the ATB 0,+ transporter (39, 40) . At low concentration, carnitine transport in SW480 cells was not inhibited by tryptophane, glycine or lysine, amino acid substrates of ATB 0,+ . Studies at high concentration were physiologically irrelevant due to the high concentrations (>100-fold excess) required to inhibit carnitine transport. There are no suitable commercially available antibodies specific for ATB 0,+ to carry out western blot analyses. SW480 cells were found to express low levels of ATB 0,+ by RT-PCR (41) . Nevertheless, the transport characteristics observed are not sufficient to eliminate members of the OCTN family, and identify ATB 0,+ as the transporter involved in carnitine transport at high concentrations.
Once we identified the relatively high carnitine uptake by SW480, we proceeded with experiments to determine the effect of carnitine and ALCAR alone or with butyrate, on inducing apoptosis and cell death in these colon cancer cells. Butyrate alone (2 and 3 mM) reduced cell growth (p<0.05 and p<0.01). ALCAR but not carnitine significantly increased SW480 cell death (10.2 vs. 4.6%, p<0.05). Cells treated with a combination of butyrate and ALCAR significantly increased the mortality of cancer cells (p<0.05, Fig. 3A) .
We next examined if the same combined treatment induced apoptosis. Butyrate alone induced apoptosis in SW480 cells. Carnitine and ALCAR increased butyrate-induced apoptosis by 8-14%, although the difference failed to reach statistical significance. ALCAR (10 mM) was shown to enhance the p53 activation and sensitize several cancer cells lines to cisplatin. However, it was not effective in sensitizing PC-3 and the colon cancer cells SW620 and hT-29, in which p53 is null or mutated (33) . Our study is therefore the first one to show that ALCAR can enhance cell death induced by an anticarcinogenic compound in cancer cells with mutated p53. The results concerning apoptosis (Fig. 3B) and PARP suggest the involvement of caspase-independent pathways in this antitumor effect.
Epigenic alterations of histone and non-histone proteins are a central event in the initiation and progression of cancer. Histone deacetylase inhibitors such as butyrate can reactivate the transcription of silenced genes and restore normal cellular growth and differentiation (6) . We therefore studied the effect of butyrate, carnitine and ALCAR on histone acetylation. Butyrate increased histone 4 acetylation while carnitine or ALCAR had no effect. When used in combination with butyrate, carnitine and ALCAR did not induce changes compared to butyrate alone. Thus, despite the fact that uptake of ALCAR can supply the cell with acetyl groups (42), acetylation of histones was not increased (Fig. 4A) . This may be due to the existence of compartmented pools of acetyl inside the cells and limited access to the nucleus. Alternatively, the efficiency of this transfer that relies on the activity of nuclear carnitine/acylcarnitine translocase might be lower in cancer cells. Another explanation might be that there is already a good supply of intracellular acetyl groups that is minimally affected by exogenous carnitine.
We undertook the study of key proteins implicated in cell cycle progression and apoptosis (p21, cyclin D1, survivin, Bcl-X L ). The p21 protein is a cyclin-dependent kinase inhibitor that mediates cell cycle progression through G1 phase arrest. Expression of p21 coincides with hyperacetylation of histones H3 and H4 in the promoter region. We showed that butyrate induced p21 expression, consistent with other studies (43, 44) . Although the role of p21 on cell cycle progression is well established, controversy exists whether p21 is pro-or anti-apoptotic. p21 is an important downstream effector of p53-signaling. SW480 cells contain a mutated form of p53, presumably without pro-apoptotic potential, but with some transcriptional activity such as the ability to induce p21 (45) . Paradoxically, p21 has been shown to promote apoptosis as Figure 6 . Western blot analysis of SW480 cell lysates for PARP (A) and for the anti-apoptotic protein BCL-X L (B). Cells were pretreated 48 h with or without butyrate (2 and 3 mM), carnitine or ALCAR (5 mM). After treatment, cell lysates were prepared and levels of the protein expression of PARP and BCL-X L were analyzed by western blotting. Each column is the mean ± SE of three experiments. * p<0.05 vs control.
well as to protect tumor cells from apoptosis, particularly when DNA-damaging agents are used. Enhanced p21 expression was associated with increased apoptosis and protection in colon carcinogenesis in rats provided fish oil-supplemented diets. In contrast enhanced p21 led to higher levels of aberrant crypt formation in rats provided corn-oil supplemented diet (43) . We observed that ALCAR decreased butyrate-induced p21 upregulation (Fig. 4B) . We furthermore analyzed the capacity of carnitine/ALCAR to alter β-catenin expression in SW480 cells. Most colorectal cancers have mutations of the adenomatous polyposis coli (APC) gene that stabilize β-catenin, allowing nuclear translocation and upregulation of β-catenin target genes, notably survivin, cyclin D1 and c-myc (46) . Phosphorylation directs β-catenin towards degradation and non-phosphorylated β-catenin translocates to the nucleus. Levels of dephosphorylated β-catenin were assessed following treatment of SW480 with butyrate. Butyrate downregulated dephospho-β-catenin by 20%, while carnitine and ALCAR had no appreciable effect (Fig. 5A) .
Cyclin D1 is a downstream molecule of the β-catenin pathway that plays an important role in cell cycle progression as it drives the g1/S phase transition (47) . Cyclin D1 levels were 27% increased by butyrate (Fig. 5B ). This increase is distinctive to SW480 cells, as cyclin D1 level is decreased by butyrate in Caco-2 and hT-29 colon cancer cells (48) . Cyclin D1 expression was decreased by 19-20% when SW480 cells were treated with carnitine and ALCAR. Combined treatment with butyrate resulted in levels similar to butyrate treatment alone. Therefore, although single agents have opposite effects on cyclin D1, the butyrate effect predominates when the compounds were provided together. Increased cyclin D1 upon butyrate treatment appears to contradict its effect on the Wnt/β-catenin pathway. Similar induction of cyclin D1 despite inhibition of proliferation in SW480 cells was already observed. It was postulated that combined c-Myc reduction and p21 induction had more determinant effect than cyclin D1 on cell cycle progression (45) .
Survivin is an anti-apoptotic protein frequently upregulated in cancer cells. Survivin levels were markedly decreased by butyrate (50% reduction) using a lower dose of butyrate (2 mM), as a 3-mM dose decreased survivin by >80% (not shown). These data are congruent with other findings indicating the growth-inhibitory action of butyrate by decreasing survivin expression in Caco-2 cells and by increase caspase-3 activity, cleavage of PARP and caspase-8 (49) . When cells were treated by carnitine, a trend towards decreased survivin levels (88% of basal levels) was observed. The trend was maintained when carnitine was added to butyrate (55% reduction vs. 50%). however, these changes did not reach statistical significance due to variability between repeat experiments and the low overall magnitude (Fig. 5B) .
Poly(ADP-ribose) polymerase (PARP) is cleaved by caspases during apoptosis and is therefore a marker of caspasedependent apoptosis (49) . As expected, PARP cleavage was increased by butyrate (5.9-fold). This was not modified by carnitine or ALCAR (Fig. 6A) . Bcl-X L is an anti-apoptotic protein that is often upregulated in cancer cells. Levels of Bcl-X L were decreased by butyrate, whereas carnitine and ALCAR had no effect on its expression (Fig. 6B ).
In conclusion, our findings suggest that butyrate and acetylcarnitine are potentially beneficial anticarcinogenic nutrients that inhibit colon cancer cell survival. The combination of both nutrients may have superior anticarcinogenic properties than the single agents alone. Recently, the efficacy of carnitine and acyl-carnitine to slow down the growth of colon cancer was reported in a murine model using the 1,2,-dimethylhydrazine (DMh)-induced colon carcinogenesis model (50) . Further research in this area is needed to determine whether carnitines may be useful in the human setting.
